Introduction {#Sec1}
============

The neuromuscular system produces an extensive repertoire of force and movement, which ranges from precise movements to powerful movements involving the maximum capacity of the muscle to generate force at maximum velocity (Bawa [@CR5]). Depending on the characteristics of the motor task, multiple features of motor control determine the degree of muscle activation and consequently the magnitude, precision, and speed of force output (Enoka [@CR19]; Bawa [@CR5]; Taylor et al. [@CR49]). For instance, the rate of force development is influenced by the ability of the nervous system to recruit motor units at higher frequencies than needed to achieve full tetanic fusion (Desmedt and Godaux [@CR17]), while the maintenance of stable contractions is more affected by motor unit discharge rate variability (Tracy et al. [@CR50]).

Motor output can be impaired by unaccustomed exercise, particularly by eccentric exercise (Sargeant and Dolan [@CR44]; Saxton et al. [@CR45]; Crameri et al. [@CR13]; Semmler et al. [@CR46]; Meszaros et al. [@CR33]). Maximal force (Prasartwuth et al. [@CR39]; Crameri et al. [@CR13]), power (Sargeant and Dolan [@CR44]; Crameri et al. [@CR13]), and force steadiness (Saxton et al. [@CR45]; Semmler et al. [@CR46]; Meszaros et al. [@CR33]) are reduced following intensive eccentric exercise. These alterations have commonly been associated to morphological alterations of the muscle, such as myofibrillar disruption, disturbance of the extracellular matrix, and an inflammatory reaction, which results in delayed onset muscle soreness (DOMS) and muscle stiffness (Jones et al. [@CR28]; Howell et al. [@CR26]; Yu and Thornell [@CR54]).

The extent to which eccentric exercise and exercise-induced DOMS affects a motor task may vary depending on the characteristics of the task; for example, the rate of force development is more influenced than maximal force by eccentric exercise (Crameri et al. [@CR13]), and during constant force tasks, the force variability increases more at very low force levels (2.5 and 5% MVC) than at moderate force levels (10--30% MVC) (Dartnall et al. [@CR15]). Since different force tasks involve different motor control strategies, the degree of impairment might be determined by changes within the nervous system, which ultimately affect the neural activation of agonist and antagonist muscles (Semmler et al. [@CR46]; Dartnall et al. [@CR15], [@CR16]; Meszaros et al. [@CR33]; Piitulainen et al. [@CR37]). For example, during maximal isometric contractions, the activity of agonist muscles is depressed for 2 h after eccentric exercise, but recovers following a period of 24 h (Meszaros et al. [@CR33]; Piitulainen et al. [@CR37]), while at submaximal force levels, the agonist and antagonist muscle activities are increased (Semmler et al. [@CR46]; Dartnall et al. [@CR15], [@CR16]). Nonetheless the results are inconsistent (Leger and Milner [@CR31]; Prasartwuth et al. [@CR39]; Semmler et al. [@CR46]; Paschalis et al. [@CR35]; Meszaros et al. [@CR33]; Piitulainen et al. [@CR37]). For instance, in the 2 h following eccentric exercise of the elbow flexors, the biceps brachii EMG has been shown to decrease (Piitulainen et al. [@CR37]) or to remain unchanged (Semmler et al. [@CR46]; Dundon et al. [@CR18]), while during submaximal contractions, it has been reported to increase (Semmler et al. [@CR46]; Dartnall et al. [@CR16]) or be unchanged for the first 2 h after exercise (Piitulainen et al. [@CR37]), and either return to baseline (Semmler et al. [@CR46]; Dartnall et al. [@CR16]) or decrease (Piitulainen et al. [@CR37]) over the next 24 h in the presence of DOMS. Results for changes in antagonist activity are also inconsistent (Semmler et al. [@CR46]; Turner et al. [@CR51]; Bottas et al. [@CR7]). These differences may result from different protocols used to induce DOMS and to the different severity of impairments induced by the eccentric exercise protocols. As a consequence, the exercise-induced adjustments in neural strategies over a range of force profiles are poorly understood.

Therefore, the aim of the present study was to provide a comprehensive assessment of the effect of eccentric exercise and exercise-induced DOMS on the force profile of the knee extensors and the agonist--antagonist activity during a wide range of force tasks. For this purpose, the subjects performed constant isometric knee extension at target force levels varying between 2.5 and 30% of maximal force, progressive knee extension to maximal force, and explosive isometric knee extension contractions.

Materials and methods {#Sec2}
=====================

Subjects {#Sec3}
--------

Ten healthy subjects (age, mean ± SD, 24.9 ± 3.2 years) with no history of musculoskeletal disorders of the lower limbs participated in the study. The subjects were requested to avoid physical exercise and medication during the experimental period. The study was conducted in accordance with the Declaration of Helsinki and approved by the Local Ethics Committee (N-20070019). Subjects provided informed written consent prior to participation in the study.

Experimental procedure {#Sec4}
----------------------

Maximum voluntary contractions (MVC), explosive isometric contraction, and submaximal isometric contraction of the right knee were tested at baseline, immediately following eccentric exercise, and 24 h after eccentric exercise. During the experimental sessions, pain ratings, force, and EMG parameters were assessed. All measures were performed while the subject was comfortably seated on an isokinetic dynamometer (KinCom Dynamometer, Chattanooga, TN, USA) with their trunk reclined at 15° in an adjustable chair and their hip and distal thigh firmly strapped to the chair. The rotational axis of the dynamometer was visually aligned with the lateral femoral epicondyle. The right leg was secured to the dynamometer's attachment above the lateral malleolus with the knee in 90° of flexion. Each subject performed three MVCs of 5 s each, separated by 2-min rest. Verbal encouragement was given in order to motivate the subject to exceed the previous force level. After \~5 min rest, the subjects were asked to perform three explosive isometric contractions, exerting their maximal force as fast as possible. The trials were separated by 2-min of rest. Verbal encouragement was given in order to ensure concentration and motivation of the subject.

After 15 min of rest, the subjects performed isometric contractions for 15 s at target forces of 2.5, 5, 10, 15, 20, and 30% MVC in a random order. The submaximal force levels were relative to the MVC measured in each experimental condition (pre-, immediately post- or 24 h after eccentric exercise). Two minutes of rest was provided between contractions. Subjects were provided with visual feedback of the force exerted, which was displayed on a computer screen of 17 inches in front of them. The isometric tasks required the subject to match the target force level within two error bars of 2% MVC centered around the target force level. The subjects were encouraged to hold the contraction as steady as possible. For each measurement session, the order of the tasks was: MVC, explosive isometric contractions, and isometric contractions. The post-exercise measurements commenced \~1 min after the eccentric exercise protocol.

Eccentric exercise {#Sec5}
------------------

The eccentric exercise protocol was performed with the KinCom dynamometer (Chattanooga, TN, USA). Subjects performed 4 sets of 25 maximum voluntary eccentric knee extension contractions at a speed of 60° s^−1^ between 170° to 90° of knee extension (180°: full knee extension). A rest period of 3 min was given between each set of contractions. During the exercise, the subject was provided with visual feedback of force and was constantly encouraged to maintain maximal force for each repetition.

Assessment of muscle pain {#Sec6}
-------------------------

To confirm the presence of DOMS 24 h post-exercise, participants marked their area of pain on a body chart and verbally rated their perceived pain on a scale from 0 ("no soreness") to 10 ("worst soreness imaginable"). The subjects were asked to rate the average pain intensity in the quadriceps during their regular activities of daily living (e.g., descending stairs) since their last visit to the laboratory (over the past 24 h).

Surface EMG and force {#Sec7}
---------------------

For all conditions, knee extension force and surface EMG of the quadriceps and hamstrings muscles were recorded simultaneously. Surface EMG signals were recorded from the vastus medialis (VM), vastus lateralis (VL), biceps femoris (BF), and semitendinosus (ST) muscles using four pairs of surface Ag--AgCl electrodes (conductive area 28 mm 2--Ambu Neuroline, Copenhagen, Denmark) with 20-mm inter-electrode distance. After careful preparation of the skin (shaving, abrading, and cleaning with alcohol), the pairs of electrodes were placed over the respective muscles according to published guidelines (Hermens et al. [@CR25]). The position of the electrodes was marked on the skin to assure electrode placement at same location 24 h after the first session. A reference electrode was placed around the right ankle. Surface EMG signals were amplified as bipolar derivations (EMG amplifier, LISiN-OT Bioelettronica, Torino, Italy), band-pass filtered (−3 dB bandwidth, 10--500 Hz), sampled at 2,048 samples/s, and converted to digital data by a 12-bit A/D converter board. Force signals were measured with a load cell (load sensitivity = 0.0048 V/N) connected to the right lower leg and lever arm of the KinCom dynamometer and recorded simultaneously with the EMG.

Data analysis {#Sec8}
-------------

### Force variables {#Sec9}

The reference MVC value corresponded to the maximal force exerted over the three trials. During the explosive contractions, the rate of force development (RFD) and impulse parameters were computed. RFD was computed as the average of the slope of the force--time(*t*) curve (Δforce/Δtime) over time intervals of 0--30, 0--50, 0--100, and 0--200 ms relative to the onset of the contraction (Aagaard et al. [@CR2]) (Fig. [1](#Fig1){ref-type="fig"}). The impulse (∫force dt) was determined for the same time intervals. Additionally, maximum RFD (RFD~max~) was computed as the maximum slope of the force--time curve. The onset of the contraction was defined as the time instant that force exceeded 5 times the standard deviation value observed at baseline.Fig. 1Representative recordings obtained during explosive isometric knee extensions. **a** force exerted by the knee extensors. Force onset corresponds to time 0. Average rate of force development (RFD) and impulse were calculated for the time intervals 0--30, 0--50, 0--100, and 0--200 ms. RFD~max~ was also calculated from the force--time curve. **b** surface EMG signals from the vastus medialis. **c** surface EMG signals from the vastus lateralis. **d** surface EMG signals from the biceps femoris. **e** surface EMG signals from the semitendinosus. EMG amplitude of the vasti and hamstrings muscles was computed for the same time intervals aforementioned

For each submaximal contraction, the coefficient of variation (CoV) of force was calculated over the entire duration of the contraction. The CoV of force was computed by dividing the standard deviation (SD) of the force signal by the mean force multiplied by 100 \[(SD/mean force)\* 100\].

### EMG variables {#Sec10}

For the reference MVC, the average rectified value (ARV) was computed from the surface EMG signals during a time interval of 250 ms centered at the time instant of the maximal force. During the explosive contractions, the ARV was calculated for the same time intervals used to calculate the force variables (Fig. [1](#Fig1){ref-type="fig"}). ARV was also calculated over two additional time intervals of 50 ms. The first interval was set 70 ms prior to the onset of the contraction, and the second interval was centered at the time instant of the maximal slope in force (Fig. [1](#Fig1){ref-type="fig"}). For the submaximal contractions, the ARV was computed from the surface EMG signals in consecutive non-overlapping signals of 1-s epochs and averaged afterward.

Statistical analysis {#Sec11}
--------------------

The effects of eccentric exercise on the average RFD, impulse and ARV of the vasti, and hamstrings at different time intervals of the explosive contractions were assessed with a three-way repeated measures ANOVA with factors time (baseline, immediately post-, and 24 h after exercise), time intervals (0--30, 0--50, 0--100, and 0--200 ms), and muscle (VM and VL or BF and ST). During the submaximal contractions, changes in CoV of the force were assessed with a two-way repeated measures ANOVA with factors time, muscle, and target force levels (2.5, 5, 10, 15, 20, and 30% MVC), while changes in ARV were assessed with a three-way repeated measures ANOVA with factors time, target force levels, and muscle. One-way repeated measures ANOVA with a factor of time was used to assess alterations in MVC, RFD~max~, and ARV of the vasti muscles at MVC and at the time intervals prior to force onset and centered at the maximum slope of the explosive contractions. Pair-wise comparisons were performed with Student--Newman--Keuls post hoc when ANOVA was significant. Results are reported as means and SD in the text and mean and SE in the figures.

Results {#Sec12}
=======

Pain assessment {#Sec13}
---------------

Twenty-four hours after exercise, the subjects rated their perceived pain intensity as 4.1 ± 1.2 (score out of 10).

Maximal voluntary contraction {#Sec14}
-----------------------------

The MVC was reduced immediately post- (584.3 ± 178.2 N, *P* \< 0.01) and 24 h after exercise (582.3 ± 202.0 N, *P* \< 0.001) when compared to baseline (666.1 ± 207.8 N). Figure [2](#Fig2){ref-type="fig"} illustrates the ARV data from the VM and VL during the MVC. Immediately post-exercise, the ARV of the vasti muscles was reduced by 18.4 ± 9.2% when compared to baseline (*P* \< 0.05; Fig. [2](#Fig2){ref-type="fig"}); however, it had recovered 24 h later. The activity of the BF and ST during the MVC was not significantly affected by the exercise protocol (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Mean ± SE for the average rectified value (ARV) of the vastus medialis and vastus lateralis obtained during maximal voluntary contraction of the knee extensors. Data were collected at baseline (pre), immediately post-, and 24 h after eccentric exercise. \**P* \< 0.05; \*\**P* \< 0.01

Rate of force development and impulse {#Sec15}
-------------------------------------

RFD~max~ decreased progressively across the experimental sessions (main effect time; *P* \< 0.05). When compared to baseline (6,102.9 ± 2,232.6 N s^−1^), the RFD~max~ was significantly reduced immediately post-eccentric exercise (5,273.6 ± 1,879.5 N s^−1^*P* \< 0.05) and remained depressed 24 h later (5,015.8 ± 2,049.2 N s^−1^*P* \< 0.05). The RFD at different time intervals showed similar behavior (time effect: *P* \< 0.001, Fig. [3](#Fig3){ref-type="fig"}a). A significant interaction between time and interval was found for the impulse (*P* \< 0.001; Fig. [3](#Fig3){ref-type="fig"}b). During the time intervals 0--100 and 0--200 ms, the impulse was significantly lower immediately post (−16.9 ± 16.5%, *P* \< 0.05 and −19.6 ± 18.7%, *P* \< 0.001, respectively) and 24 h after eccentric exercise (−21.8 ± 18.5%, *P* \< 0.05 and −23.9 ± 18.5%, *P* \< 0.001, respectively) compared to the baseline condition.Fig. 3Mean ± SE for the average rate of force development (RFD) (**a**) and impulse (**b**) obtained during explosive isometric contractions of the knee extensors at time intervals from 0--30, 0--50, 0--100, and 0--200 ms. Data were collected at baseline (pre), immediately post-, and 24 h after eccentric exercise. \**P* \< 0.05

Figure [4](#Fig4){ref-type="fig"} shows the EMG amplitude of the vasti (VM and VL) and the hamstrings muscles (BF and ST) at time intervals prior to the onset of the force (Fig. [4](#Fig4){ref-type="fig"}a) and centered around the maximum slope (Fig. [4](#Fig4){ref-type="fig"}b).Fig. 4Mean ± SE of the EMG average rectified value (ARV) for the vastus medialis (VM), vastus lateralis (VL), biceps femoris (BF), and semitendinosus (ST) obtained during the isometric explosive contractions in all experimental sessions. **a** ARV calculated in a time interval 70 ms prior to the onset of force. **b** ARV assessed during a time interval of 50 ms centered at the time instant of the maximum slope. \**P* \< 0.05, \*\**P* \< 0.01

In both time intervals, the effects of the exercise paradigm on the ARV of the vasti muscles were observed immediately after exercise (*P* \< 0.01 for both intervals) and during the presence of DOMS (*P* \< 0.05 for both intervals). During these time intervals, the vasti ARV values obtained after eccentric exercise represented only 76.4 ± 32.1% to 79.6 ± 28.9% of the baseline ARV values (Fig. [4](#Fig4){ref-type="fig"}). In contrast, during the time interval centered on the maximum slope, the ARV of BF and ST muscles increased immediately post-exercise (147.5 ± 68.1%; *P* \< 0.01; Fig. [4](#Fig4){ref-type="fig"}b), but returned to baseline values in the following 24 h (*P* \< 0.01; Fig. [4](#Fig4){ref-type="fig"}b). Similar trends were observed for the ARV at time intervals 0--30, 0--50, 0--100, and 0--200 ms (Table [1](#Tab1){ref-type="table"}).Table 1Average rectified value (ARV) for the vastus medialis (VM), vastus lateralis (VL), biceps femoris (BF), and semitendinosus (ST) obtained during the isometric explosive contractions at time intervals 0--30, 0--50, 0--100, and 0--200 msMuscleAverage RFD0--30 ms0--50 ms0--100 ms0--200 ms*Vastus medialis*Baseline268.0 ± 116.9261.0 ± 107.9293.1 ± 132.7262.1 ± 117.5Post-exercise201.4 ± 132.0^†^190.4 ± 133.9^†^213.6 ± 160.3^†^194.2 ± 131.6^†^24 h after exercise215.9 ± 96.0^†^212.6 ± 96.6^†^206.8 ± 31.7^†^182.9 ± 81.2^†^*Vastus lateralis*Baseline300.0 ± 171.6281.1 ± 130.0352.6 ± 177.4327.2 ± 165.4Post-exercise219.5 ± 127.0^†^229.2 ± 127.6^†^236.7 ± 130.3^†^227.0 ± 124.9^†^24 h after exercise234.3 ± 104.3^†^247.2 ± 126.1^†^281. 5 ± 143.2^†^252.8 ± 123.3^†^*Biceps femoris*Baseline42.6 ± 21.340.4 ± 19.546.1 ± 21.741.2 ± 19.8Post-exercise73.4 ± 52.9\*68.3 ± 43.4\*77.4 ± 53.5\*69.7 ± 38.58\*24 h after exercise47.1 ± 39.946.8 ± 30.748.4 ± 38.540.7 ± 26.9*Semitendinosus*Baseline25.6 ± 10.728.8 ± 14.133.1 ± 20.635.6 ± 24.6Post-exercise33.0 ± 21.0\*33.7 ± 20.1\*45.9 ± 25.0\*51.0 ± 54.6\*24 h after exercise23.9 ± 10.726.9 ± 14.133.1 ± 26.329.5 ± 19.2Data were collected at baseline, immediately post-, and 24 h after eccentric exercise of the quadriceps^†^ Main effect time (*P* \< 0.01). ARV of the VM and VL decreased significantly immediately post-exercise (*P* \< 0.01) and remained depressed in the following 24 h (*P* \< 0.01)\* Main effect time (*P* \< 0.05). ARV of the BF and ST obtained immediately post-exercise was significantly higher than the values observed at baseline (*P* \< 0.05) or 24 h after (*P* \< 0.01)

Submaximal isometric contractions {#Sec16}
---------------------------------

Figure [5](#Fig5){ref-type="fig"} illustrates the CoV of force at the various target force levels measured at baseline, immediately post-exercise, and 24 h after exercise. A two-way ANOVA showed a significant main effect for both time and load (*P* \< 0.05 and *P* \< 0.0001, respectively). The CoV of force was significantly greater at 2.5, 5, and 10% MVC (126.7 ± 22.6% to 162.19 ± 26.9%) than the CoV observed at 15, 20, and 30% MVC. The CoV was greater immediately post-exercise (on average 67.5 ± 46.9% higher than baseline values, *P* \< 0.05) and remained higher 24 h after exercise (on average 51.5 ± 34.5% higher than pre exercise values, *P* \< 0.05) (Fig. [5](#Fig5){ref-type="fig"}). No interaction between time and load was observed (*P* = 0.32).Fig. 5Mean ± SE of the CoV of the force during submaximal isometric contractions at target force levels of 2.5, 5, 10, 20, and 30% MVC obtained at baseline (pre), immediately post-, and 24 h after eccentric exercise. A main effect for time was observed: ^†^*P* \< 0.05 when comparing baseline to immediate post-exercise, and \**P* \< 0.05 when comparing baseline to 24 h after exercise

Changes in force steadiness were accompanied by significant alterations in the ARV of the vasti muscles (interaction between time, load, and muscle, *P* \< 0.05; Fig. [6](#Fig6){ref-type="fig"}) and hamstring muscles (interaction between time and load *P* \< 0.01; Fig. [7](#Fig7){ref-type="fig"}).Fig. 6Mean ± SE of the EMG average rectified value (ARV) for the **a** vastus medialis (VM) and **b** vastus lateralis (VL) during submaximal isometric contractions at target force levels of 2.5, 5, 10, 20, and 30% MVC obtained at baseline (pre), immediately post-, and 24 h after eccentric exercise. ^†^*P* \< 0.05 and ^††^*P* \< 0.01 when comparing baseline to immediate post-exercise. \**P* \< 0.05 and \*\**P* \< 0.01 when comparing baseline to 24 h after exercise. ^‡^*P* \< 0.01 when comparing immediate post- to 24 h after exerciseFig. 7Mean ± SE of the EMG average rectified value (ARV) for the **a** biceps femoris (BF) and **b** semitendinosus (ST) during submaximal isometric contractions at target force levels of 2.5, 5, 10, 20, and 30% MVC obtained at baseline (pre), immediately post-, and 24 h after eccentric exercise. ^†^*P* \< 0.01, ^††^*P* \< 0.001, and ^‡^*P* \< 0.001 when comparing either baseline to immediate post-exercise or immediately post to 24 h after exercise

At very low loads (2.5, 5, and 10% MVC), the ARV of the vasti was not affected immediately post-exercise. However, 24 h later when DOMS was present, the vasti ARV was greater compared to baseline, except for the VM at 2.5% MVC (Fig. [6](#Fig6){ref-type="fig"}). In contrast, at higher target force levels (15, 20, and 30% MVC), the vasti ARV was greater immediately after eccentric exercise, but returned to baseline values 24 h later (except for the VM at 15% MVC; Fig. [6](#Fig6){ref-type="fig"}). Likewise, the ARV of the ST and BF was greater immediately after eccentric (*P* \< 0.01) at the higher force levels (15, 20, and 30% MVC), but reduced to baseline values over the following 24 h (*P* \< 0.001) (Fig. [7](#Fig7){ref-type="fig"}). In contrast, the ARV of the hamstring muscles was not affected by eccentric exercise at very low loads (2.5, 5, and 10% MVC) (Fig. [7](#Fig7){ref-type="fig"}).

Discussion {#Sec17}
==========

Eccentric exercise and subsequent DOMS are known to affect motor output. However, the effect that eccentric exercise-induced DOMS has on muscle co-activation during different motor tasks is poorly understood. This study examined the effect of eccentric exercise and DOMS on the ability to exert a wide range of force tasks and the effect on the agonist--antagonist activity of the thigh muscles. Force output, assessed either by maximal voluntary contraction, rate of force development, or force steadiness, was impaired both immediately after eccentric exercise and 24 h later during the presence of DOMS. These alterations were accompanied by adjustments in agonist and antagonist muscle activities that followed a different time course depending on the characteristics of the force task.

Muscle soreness {#Sec18}
---------------

Subjects reported soreness in the quadriceps muscle 24 h post-exercise, confirming the presence of DOMS. The average soreness level was approximately 4 out of 10, which is in agreement with similar studies on the quadriceps (Givoni et al. [@CR22]; Hedayatpour et al. [@CR24]). Although the mechanisms underlying DOMS remain unclear, DOMS is thought to be related to muscle structural damage followed by ion imbalance, inflammation, and pain (Jones et al. [@CR28]; Clarkson et al. [@CR12]; Howell et al. [@CR26]; McBride et al. [@CR32]). The pain is normally triggered by muscle contraction, stretch, pressure, or mechanical stimuli that do not usually induce pain in an unexercised muscle (Proske and Morgan [@CR42]; Taguchi et al. [@CR48]), making DOMS a form of hyperalgesia and allodynia (Proske [@CR40]; Taguchi et al. [@CR47]). Animal studies show that the mechanical sensitivity (threshold and magnitude) of the thin-fiber sensory receptors is facilitated following eccentric exercise (Taguchi et al. [@CR47], [@CR48]). Other studies, however, show that the pain threshold to mechanical pressure in subjects with DOMS increases if larger sensory receptors are blocked, suggesting that changes in the threshold of the larger fiber sensory receptors contributes to DOMS (Barlas et al. [@CR4]; Weerakkody et al. [@CR53]).

Maximal voluntary contractions {#Sec19}
------------------------------

Consistent with other studies (Hedayatpour et al. [@CR23]; Semmler et al. [@CR46]), the maximal force of the knee extensors declined immediately post- and 24 h after eccentric exercise. Assessment of the maximal force during isometric contractions is the most common method of assessing muscle function following eccentric exercise and is considered a reliable indicator of muscle damage (Clarkson and Hubal [@CR11]). Eccentric exercise may result in subcellular damage, including Z-line streaming, A-band widening, sarcomere disorganization, and cytoskeletal disruption, which are evident immediately after exercise (Clarkson et al. [@CR12]; Butterfield [@CR9]). Nevertheless, the initial damage may not parallel the early decline in force (Butterfield [@CR9]). This suggests that other alterations, mostly resulting from fatigue, determine the force loss.

In the present study, the reduced EMG amplitude of the vasti observed immediately post-eccentric exercise indicates that peripheral and/or central alterations occurred concurrently with force loss. While voluntary activation (measured with twitch interpolation) of the elbow flexors has been shown to be impaired in the first 24 h after eccentric exercise, other studies have failed to show such alterations (Pasquet et al. [@CR36]). Peripheral alterations may contribute to the reduced EMG amplitude immediately after eccentric exercise. Animal studies show that eccentric contractions produce marked disturbance of the membrane polarization due to alterations in the extracellular and intracellular K^+^ and Na^+^ concentrations (McBride et al. [@CR32]). A reduction in membrane excitability would reduce the velocity of propagation of the action potentials along the muscle fibers, which partly contributes to reduced force and changes in EMG amplitude. In human studies, a reduction in the conduction velocity of action potentials was observed immediately after eccentric exercise at load intensities from 40 to 100% MVC and was associated with lower EMG amplitude during maximal voluntary contractions (Piitulainen et al. [@CR37]). Sensitization of group III and IV afferents may also occur following eccentric exercise contributing to inhibition of the motor neuron pool (Bigland-Ritchie et al. [@CR6]; Kaufman et al. [@CR29]) by reducing motor unit discharge rates (Bigland-Ritchie et al. [@CR6]), thus reducing the surface EMG amplitude.

Although the EMG amplitude of the vasti was reduced during the maximal voluntary contraction immediately following eccentric exercise, it had recovered after 24 h, despite a persistent reduction in maximal force and despite the presence of DOMS. Disturbances of excitation--contraction (E-C) coupling have been identified as a major mechanism leading to prolonged force loss after eccentric exercise (for review see Proske and Allen [@CR41]). Furthermore, in the following 24 h, additional muscle damage may occur as a result of a latent effect triggered by several cell signaling cascades (Clarkson et al. [@CR12]; Butterfield [@CR9]). These alterations of the muscle fiber structure and extracellular matrix can contribute to the prolonged impaired force-generating capacity of the muscle (Clarkson et al. [@CR12]; Proske and Allen [@CR41]; Crameri et al. [@CR13]). An additional factor that may contribute to the force loss is a shift of optimum muscle length for peak force. The assessment of maximal force at the same fixed angle pre- and post-exercise would correspond to different positions on the length-tension curve. However, in the present study, a shift to longer muscle lengths would favor the production of force after eccentric exercise, since the maximal force of the knee extensors is observed at \~70ºof knee flexion (Pincivero et al. [@CR38]), and the fixed angle used in the present study was 90º of knee flexion.

Explosive isometric contractions {#Sec20}
--------------------------------

The rate of force development has a direct influence on the ability to perform rapid movements and is functionally very relevant, for example, it permits the control of unexpected perturbations to maintain postural balance and allows highly trained athletes to reach high movement speeds (Aagaard [@CR1]). Despite the functional importance of this parameter, the effect of unaccustomed eccentric exercise and DOMS on the ability to generate rapid power has received limited attention (Eston et al. [@CR20]). Studies that have been conducted reveal contradictory results; for example, Bottas et al. ([@CR7]) reported a poorer deceleration and acceleration of elbow flexion force in the 2 h following eccentric exercise, with a return to baseline values the day after. On the other hand, Miles et al. ([@CR34]) reported a decrease in the peak velocity of the elbow flexors, which remained depressed for several days, and Leger and Milner ([@CR31]) did not observe any change in the peak velocity during ballistic metacarpophalangeal abduction after eccentric exercise of the first dorsal interosseus muscle.

In this study, we show that eccentric exercise of the knee extensors significantly reduced the rate of force development in the 24 h following exercise. Moreover, the impairment of the contractile force characteristics during the explosive contraction was more pronounced than for the MVC (\~−19% vs. \~−12%, respectively). This functional alteration was accompanied by significant alterations of the EMG amplitude of the vasti muscles. Contrary to what was observed for the maximal ramp contraction, the explosive contraction was also accompanied by increased antagonist EMG immediately post-eccentric exercise.

It is very likely that common mechanisms were involved in the suppression of the maximal and explosive force of the muscle. Nonetheless, some differences in the agonist and antagonist muscle activities were observed, indicating different neural strategies for the two tasks. Contrary to MVC, during the first 200 ms of the explosive contraction, an increase in the antagonist muscle activity was observed immediately after eccentric exercise. An increase in co-activation of the hamstring muscles would limit the initial acceleration of the muscle contraction by counteracting the agonist muscle action (Crone and Nielsen [@CR14]). This effect seems to be a consequence of muscle fatigue since 24 h later the antagonist muscle activity was restored to normal values. Despite this, the rapid contractile properties of the agonist remained depressed 24 h later when DOMS was present, indicating that other mechanisms are involved in such impairment.

Immediately post-eccentric exercise, the EMG amplitude of the vasti muscles was depressed more for the explosive contraction than for the maximal isometric contraction (\~−24% vs. \~−18 compared to baseline values, respectively) and remained depressed for the following 24 h, but only for the explosive contraction. Furthermore, a pronounced suppression of the vasti EMG amplitude was also evident in the time interval prior to force onset without any alterations of antagonist muscle activity. This indicates that the reduced capacity to generate rapid muscle contractions is partly due to neural impairments that would not manifest during a progressive increase of the maximal force. Desmedt and Godaux ([@CR17]) reported distinct differences in the pattern of motor unit recruitment in voluntary ramp contractions compared to ballistic contractions. For instance, a rapid increment of motor unit discharge rates and a high incidence of discharge doublets in the very early phase of a rapid contraction play a crucial role in the rate of force development (Desmedt and Godaux [@CR17]; Van Cutsem et al. [@CR52]). Thus, a possible explanation for concurrent suppression of the rapid contractile properties and EMG amplitude would be a reduction in the maximal motor unit discharge rates and/or incidence of discharge doublets in the early phase of the explosive contraction. This limitation may arise from impairments in central motor commands. Ballistic contractions are completed in a very short time, which implies that central motor commands need to be pre-programmed and adjusted according to the expected force requirements.

Submaximal isometric tasks {#Sec21}
--------------------------

Force steadiness was reduced immediately after eccentric exercise and remained reduced 24 h after exercise when DOMS was present, especially at very low loads. This study shows that these alterations were accompanied by different alterations of agonist and antagonist muscle activities, depending on the target force level.

The origin of increased force fluctuation is dependent on the interaction of multiple features of motor unit behavior, which change as a function of the contraction intensity (Taylor et al. [@CR49]). Alterations in recruitment and rate-coding properties of the motor units and activation pattern of the motor unit population (e.g., motor unit synchronization and coherence) would affect force variability. Studies have shown that eccentric exercise may reduce motor unit recruitment thresholds (Dartnall et al. [@CR16]) and increase the minimum discharge rate variability (Dartnall et al. [@CR16]) and the motor unit coherence and motor unit synchronization (Dartnall et al. [@CR15]). Moreover, these alterations remain for 24 h after eccentric exercise when DOMS was present (Dartnall et al. [@CR15], [@CR16]) and are associated with increased force fluctuations. These effects are more pronounced at low force levels since the relative contribution of each newly recruited motor unit to the net force is greatest at low forces since there are a smaller number of active motor units (Semmler et al. [@CR46]). These mechanisms may alter the EMG amplitude due to the summation of the action potentials at the muscle surface (Farina et al. [@CR21]).

Previous studies (Semmler et al. [@CR46]; Dartnall et al. [@CR15]) have shown that the largest change in EMG amplitude of the biceps brachii occurs at low contraction levels (between 5 and 20% MVC) immediately post-eccentric exercise of the elbow flexors, and by 24 h, these values return to baseline (Semmler et al. [@CR46]; Dartnall et al. [@CR15]). However, Semmeler et al. showed the greatest change in agonist activity at 5% MVC, whereas Dartnall et al. ([@CR15]) observed the greatest change at 20% MVC with no significant alteration of the EMG amplitude occurring at lower forces. In the present study, the EMG amplitude of the vasti muscles increased immediately after eccentric exercise, but only at force levels greater than 15% MVC and was accompanied by increased activation of the antagonist muscles. The vasti and hamstring EMG amplitude returned to baseline values 24 h post-exercise when DOMS was present for contractions at 15% and above, while at the very low force levels (2.5--10%), an increase in the vasti EMG amplitude was observed. These results suggest that the neural adjustments among the agonist and antagonist muscles follow a different time course and are dependent on the force level, which may help explain the variability of results reported in the literature.

The delayed increase in the EMG amplitude for the vasti at very low force levels may result from an excessive loss of force generated at low frequencies (Jones [@CR27]). Dundon et al. ([@CR18]) showed that the recovery of low-frequency fatigue following eccentric exercise of the elbow flexors was significantly prolonged (up to 24 h), and therefore present during DOMS, with the most prominent changes occurring 2 h after exercise. Moreover, the variations in the EMG amplitude were explained by low-frequency fatigue, with the strongest associations occurring between 5 and 40% MVC (Dundon et al. [@CR18]). Low-frequency fatigue has been associated with impairments in E-C coupling, mainly due to reduction in the release of Ca^2+^ from the sarcoplasmic reticulum (Bruton et al. [@CR8]). This phenomenon is more pronounced after eccentric than after concentric or isometric exercise, probably due to muscle damage induced by lengthening contractions (Allen et al. [@CR3]).

Increased antagonist activity has been observed 2 h following eccentric exercise of the elbow flexors, but returned to baseline values 24 h later (Semmler et al. [@CR46]; Dundon et al. [@CR18]). In these studies, the increased antagonist activity was observed during sustained contractions with loads ranging between 5 and 60% MVC. In our study, increased antagonist activity was only observed at loads up to 15% MVC, while no changes were observed for very low loads. The differences between results might be related with the type of experimental protocol and/or differences in the neural control strategies of the upper versus lower limb. Increased antagonist muscle activity may represent a mechanism to increase movement precision (Crone and Nielsen [@CR14]) and may be more relevant for the upper than lower limbs.

Methodological considerations {#Sec22}
-----------------------------

Measurements of the absolute EMG amplitude, as used in this study, are influenced by many factors, even when the positions of the electrodes are marked between sessions; for example, reduced EMG amplitude after eccentric exercise could be due to local inflammation within the muscle, or a decline in neuromuscular transmission (Piitulainen et al. [@CR100]). This issue could be avoided by normalizing the EMG amplitude; however, there is no consensus on the most robust normalization method; for example, normalizing with respect to the maximal M-wave is limited by the different influence that peripheral factors have on the M-wave amplitude with respect to the voluntary EMG amplitude (Keenan et al. [@CR30]). In the absence of normalization, the EMG amplitude is variable from session to session; however, its repeatability has been quantified in previous studies (e.g., Rainoldi et al. [@CR43]) and is sufficient for identifying statistically significant differences as in this study.

This study investigated the immediate and delayed effects of eccentric exercise of the quadriceps on agonist--antagonist activity during a range of motor tasks. These findings may not be applicable to other muscle groups, since different muscle groups can be more or less susceptible to muscle damage from eccentric exercise (Chen et al. [@CR10]). Although the immediate effects of eccentric exercise were assessed, these measurements would have been influenced by the acute effects of fatigue. Additional measurements performed 1 or 2 h post-exercise would have allowed the effects of eccentric exercise to be assessed more specifically.

Conclusion {#Sec23}
==========

The present study showed that all examined force output profiles (maximal voluntary contraction, rate of force development, and force steadiness of the knee extensors) were disturbed immediately following eccentric exercise of the knee extensors and persisted for 24 h after exercise when DOMS was present. These alterations were accompanied by different adjustments of agonist and antagonist muscle activities. Moreover, the neural adjustments followed a different time course depending on the characteristics of the force task. These compensatory mechanisms may increase the risk of further injury if a premature return to sport or exercise is attempted.

This work was supported by the Fundação para a Ciência e Tecnologia (FCT) of Portugal (PhD Grant ID--SFRH/BD/31796/2006 to CVC).

**Open Access** This article is distributed under the terms of the Creative Commons Attribution Noncommercial License which permits any noncommercial use, distribution, and reproduction in any medium, provided the original author(s) and source are credited.
